The prolonged QT interval is both widely seen and associated with the potentially deadly rhythm, Torsades de Pointes (TdP). While it can occur spontaneously in the congenital form, there is a wide array of drugs that have been implicated in the prolongation of the QT interval. Some of these drugs have either been restricted or withdrawn from the market due to the increased incidence of fatal polymorphic ventricular tachycardia. The list of drugs that cause QT prolongation continues to grow, and an updated list of specific drugs that prolong the QT interval can be found at www.qtdrugs.org. This review focuses on the mechanism of druginduced QT prolongation, risk factors for TdP, culprit drugs, prevention and monitoring of prolonged drug-induced QT prolongation and treatment strategies.
QT interval physiology and mechanism of QT drug-induced prolongation
The QT interval on the surface EKG represents the summation of action potential (AP) of ventricular myocytes. The action potential reflects the flow of ion currents across a cell membrane through specialized channels made of protein complexes (Figure 1 , Titier et al. 2005) . Malfunction of these protein channels can lead to either increased inward current or reduced outward current. This subsequently increases the action potential duration and hence QT interval prolongation.
Mutations of the genes that encode the protein channels (IKr, IKs and Na) result in congenital long QT syndrome (LQTS) [Ching and Tan, 2006] . In acquired LQTS, the mechanism is almost always due to blockage of the inward potassium rectifier (IKr) channel, also known as the hERG (ether a go go) channel. It conducts a rapid delayed rectifier potassium current (Ikr), a critical current in the phase 3 repolarization of the cardiac action potential [Roden and Viswanathan, 2005] . Inherited mutations (loss of function) of the hERG gene lead to type 2 LQTS. Medications that prolong QT interval act on the same hERG channel. The distinct molecular structure of the hERG channel makes it more susceptible to medications.
The structure of the hERG channel
The structure of the hERG channel is well understood from the structure of bacterial and mammalian K channels [Swartz, 2004] . The hERG channel is essentially formed by the co-assembly Phase 2: Plateau phase with influx of calcium ions through L-type calcium channels (ICa) and outward repolarizing potassium currents (IK). Phase 3: Efflux of potassium (IKr, IKu, IKs). Phase 4: Inward rectifier potassium current (IK1) maintaining resting potential. ICa, calcium current; IK, potassium current; IK1, inwardly rectifying potassium current; INa, depolarizing sodium current; It0, transient outward potassium current; IKr, rapidly activating delayed rectifier potassium current; IKs, slowly activating delayed rectifier potassium current. (Reproduced with permission from Titier et al. [2005] .) of four alpha subunits, each of which has six transmembrane spanning alpha-helical segments (S1-S6) [Sanguinetti and Tristani-Firouzi, 2006; Swartz, 2004] (Figure 2 ). The first four helices (S1-S4) in each segment form a voltage sensor domain (VSD) that senses the transmembrane potential. The next two helices (S5 and S6) form the pore domain that contains a short alpha helix (pore helix) and selectivity filter. Four of these (one from each subunit) come together to form a central pore that is responsible for the movement of potassium current. Below the selectivity filter, the pore widens to form a central cavity. It is lined by many unique aromatic residues that are absent in most other K channels. These optimally positioned aromatic residues and the polar residues are an integral part of the unique binding sites for diverse pharmacologic agents [Perry et al. 2010; Perrin et al. 2008; Kannankeril, 2008] .
The other mechanisms by which drugs induce prolonged QT interval are: disruption of KCNH2 protein trafficking leading to loss of K channels by drugs such as arsenic oxide, pentamidine and fluoxetine [Ficker et al. 2004; Kuryshev et al. 2005; Rajamani et al. 2006 ], rescue of SCN5A channel causing increased inward sodium current by cisapride [Kannankeril, 2008] and an increase inward calcium current by antimony [Kuryshev et al. 2006 ].
The congenital long QT syndrome
More than 10 different types of congenital LQTS have been recognized [Hedley et al. 2009; Modell and Lehmann, 2006; Roden, 2008] . LQT1, LQT2, and LQT3 account for the majority of the cases of congenital LQTS. LQT1 accounts for 40-55% of cases of the LQTS [Schwartz et al. 2001; Splawski et al. 2000 ]. It is caused by mutations in the KVLQT1 (also called KCNQ1). LQT1 is characterized by events that are induced by exercise.
LQT2 accounts for 35-45% of cases of congenital LQTS [Schwartz et al. 2001; Splawski et al. 2000 ]. It is caused by a variety of mutations in the hERG (also known as KCNH2) potassium channel gene, located on chromosome 7. The mutations may involve the pore or the nonpore region of the hERG channel. Pore mutations carry high risk for cardiac events and may affect young patients [Moss et al. 2002] whereas nonpore mutations often lead to Torsades de Pointes (TdP) in the presence of hypokalemia [Berthet et al. 1999] LQT3 accounts for 8-10% of cases [Schwartz et al. 2001; Splawski et al. 2000 ]. It is caused by mutations in the sodium channel gene (SCN5A) located on chromosome 3 at location 21-24. It is characterized by events occurring at rest or during sleep.
Measurement of the QT interval
On a 12-lead ECG, the QT interval is measured from the beginning of the QRS complex to the end of T wave as it returns to baseline. Manual measurements of the QT interval should be taken from leads II and V5 or V6 with the longest value being used. Measurements taken from these leads have the greatest positive and negative predictive value in detecting abnormal QT intervals [Monnig et al. 2006 ]. A mean value should be derived from at least 3-4 cardiac cycles. The end of T wave can be determined reliably by the slope method where it is defined by the intersection point between the tangent drawn at the maximum downslope of the T wave and the iso-electric line. If the T wave is notched, the tangent should be applied to the maximum slope. Smaller U waves (<0.1 mV) should be excluded whereas larger U waves merging with T waves should be included in the measurements [Anderson et al. 2002] . There are no standards for interpreting prolonged QT intervals from Holter or 24/48 h ambulatory monitoring records available. As result, ambulatory monitoring of QT assessment is not recommended.
Several factors such as gender, heart rate, underlying rhythm and conduction defects influence the QT interval. It is also influenced by the physiologic and metabolic state of the patients. Numerous methodologies for correcting QT intervals for heart rate have been proposed, and each has its own benefits and shortcomings. There is no consensus as to which one is the most effective. However, the most universally adopted method is Bazett's formula (QTc = QT/√RR in seconds) that provides an adequate correction for heart rate ranging anywhere between 60 and 100 beats/min. Nonetheless, it underestimates and overestimates the QT interval at low and high heart rates, respectively.
For heart rates outside the normal range, other correction methods such as Fredericia (QTc = QT/(RR)1/3) or Framingham (QTc = QT + 0.154(1 -RR) should be utilized (Table 1 ) [Aytemir et al. 1999 ]. However, these correction methods are based on population mean correction factor and do not address intra-or inter-individual variability. As there is now a strong evidence for significant inter-individual variability, the best HR correction for QT should be estimated for each individual Malik et al. 2002; Couderc et al. 2005 ].
Estimation of individual correction factor is a cumbersome, time-consuming process. It is preferred in clinical studies but not applicable in clinical practice [Piotrovsky, 2005] . Fossa and colleagues proposed a QT-HR nomogram based on a QT-RR cloud diagram developed from human preclinical studies ( Figure 3 ) [Chan et al. 2007 ] that can readily be used in the clinical setting. The nomogram incorporates HR rather than RR interval and is found to be safe, with excellent sensitivity, and at the same time is specific enough to allow the assessment of many patients as 'not at risk' for drug-induced TdP and therefore not requiring cardiac monitoring [Chan et al. 2007 ].
The performance of the nomogram in patients who incurred an antidepressant overdose but did not develop arrhythmia was studied by Bateman and colleagues [Waring et al. 2010 ].
The QT nomogram was associated with a lower false-positive rate than other widely accepted QTc criteria. The greatest discrepancy between the nomogram and QTc methods was amongst patients with heart rates between 30 and 60 beats/ min. For example, patients with a citalopram overdose had QT values above the nomogram compared with venlafaxine and mirtazapine overdose, predicting its higher risk for developing arrhythmia and thus the need for close cardiac monitoring [Waring et al. 2010] .
Based on Bazett's corrected QTc value, in adult males a QT interval greater than 450 ms is considered prolonged and between 430 and 450 ms is considered borderline. For females, a QT interval greater than 470 ms is considered prolonged and between 450 and 470 ms is considered borderline [Goldenberg et al. 2006 ].
The mechanism of TdP in the setting of QT prolongation
The danger inherent in a prolonged QT is that excessive QT prolongation carries a risk of sudden cardiac death (SCD) due to polymorphic tachycardia, also known as TdP. Prolongation of ventricular repolarization often leads to oscillation in the membrane potential called early after depolarization (EAD). If the EAD reaches a critical threshold in a large area of myocardium, it can result in an ectopic beat [January and Riddle, 1989 ]. This ectopic beat is usually followed by a long pause with a subsequent sinus beat showing marked QT prolongation. In the presence of an exaggerated heterogeneity of action potential duration across the myocardium, the ectopic beat can induce reentrant excitation and TdP [Nguyen et al. 2010] (Figure 4 ).
This pattern of onset of a short-long-short cycle is typical of drug-induced TdP, sometimes referred as pause-dependant TdP [El-Sherif et al. 1999 ]. This pattern is in contrast to congenital form, where TdP often follows a sudden adrenergic surge such as exercise or arousal. Irrespective of the mechanism, TdP usually does not sustain long and terminates spontaneously. However, if it happens successively, it can degenerate into ventricular fibrillation and SCD [Passman and Kadish, 2001] .
Concomitant risk factors predisposing patients to LQTS
Drug-induced LQTS is unpredictable in any given individual. The relationship between the action of a drug on a molecular level and the expected clinical effect is not always concordant [Roden, 2004; Yang et al. 2001 ]. For example, in patients with a normal baseline QT, amiodarone prolongs the QT interval but very rarely causes TdP [Lazzara, 1989] . In contrast, terfenadine, a potent IKr blocker, causes very minimal QT prolongation but was frequently implicated in TdP resulting in its withdrawal from market [Monahan et al. 1990 ]. So, it appears that certain additional risk factors play a major role in facilitating druginduced TdP (Box 1). In one study, almost all patients who developed TdP had one risk factor and 71% had multiple risk factors [Zeltser et al. 2003 ].
The most common risk is female sex [Makkar et al. 1993 ]. After puberty, women have a longer baseline QT interval and respond adversely to IKr blocking drugs as compared with males. Although the mechanism for the gender difference in repolarization is not clearly understood, it has been shown that androgens increase IKs and IKr channels and thereby reduce AP duration [Arya, 2005; Pham and Rosen, 2002] . Heart rate and extracellular potassium concentration also play a significant role. Bradycardia decreases potassium outflow during phase 3 repolarization and thereby increases the QT interval. On the other hand, hypokalemia, potentiates the drug-induced inhibition of IKr channels [Yang and Roden, 1996] .
In heart failure and LVH, there is a downregulation of K channels and upregulation of Ca channels [Brooksby et al. 1993; Tomaselli et al. 1994 ]. This increases the risk for QT prolongation and TdP.
Interaction between concomitant drugs can lead to prolonged QT interval if they have additive or potentiating effect, for example combination of antiarrhythmic agents. Pharmacokinetic interactions may occur if one drug reduces the clearance of the other or if both the drugs compete for the same hepatic enzyme [Cholerton et al. 1992] . Co-administering a drug with cytochrome CYP3A4 inhibitors such as '-azoles', '-mycins' or grapefruit juice will increase its level [Zitron et al. 2005 ]. Haloperidol and thioridazine share the same enzyme CYP2D6 for clearance resulting in increased levels of both [Aerssens and Paulussen, 2005] .
Genetic predisposition to LQTS
It is known that 5-20% of patients with druginduced TdP have mutations in genes which cause LQTS [Paulussen et al. 2004 ]. These patients are generally asymptomatic with normal to borderline QTc interval at baseline but become more susceptible to QT prolongation and TdP, when exposed to some drugs [Aerssens and Paulussen, 2005; Paulussen et al. 2004 ].
In addition, polymorphism of the genes coding for the CYP2D6 enzyme can lead to poor metabolism of CYP2D6 dependant drugs. Nearly 5-10% of White patients are considered to be poor metabolizers and are at risk for QT prolongation and TdP especially if the parent drug has the tendency to cause QT prolongation [Bradford, 2002] .
In vitro, the degree of hERG blockade and the risk for TdP can be determined by a ratio called EPTC/ IC50, also known as therapeutic/toxic ratio (EPTC: effective plasma therapeutic concentration; IC50: in vitro concentration that blocks 50% of hERG). The risk of developing TdP increases as the ratio goes up. Medications such as cisapride, sparfloxacin, quinidine, ibutilide, and thioridazine were found to have a ratio of greater than 1 [De Bruin et al. 2005] .
Increased incidence of LQTS with specific drugs
The incidence of drug-induced TdP in general population is largely unknown. It varies depending on the population studied and the type of Female sex [Makkar et al. 1993] Advanced age [Drew et al. 2010] Recent conversion from atrial fibrillation with QT prolonging drugs [Choy et al. 1999 drugs used. In one observational study, 3.1% of the patients taking noncardiac medications developed TdP. The list of some drugs that can cause QT prolongation is listed in Box 2.
Antiarrhythmic agents
Antiarrhythmic agents are the leading cause of drug-induced TdP.
Class IA agents (quinidine, procainamide and disopyramide) block both Na and K channels, and TdP can occur either at therapeutic or subtherapeutic doses [Jackman et al. 1988 ]. Quinidine prolongs QT interval by an average of 10-15% within a week of initiation of therapy and carries a 1.5% risk of inducing TdP [Roden et al. 1986 ]. TdP while on antiarrhythmic therapy is often precipitated by hypokalemia or hypomagnesaemia. The mortality increases by threefold when used in atrial fibrillation for rhythm maintenance [Coplen et al. 1990] . Procainamide is less likely to induce TdP due to its predominant Na blocking effect. However, it can induce TdP in patients with renal dysfunction or in rapid acetylators through its active metabolite, N-acetyl procainamide (NAPA), that has a potent K blocking effect [Olshansky et al. 1982 ]. Disopyramide has also been implicated in TdP and is contraindicated in patients with heart failure, liver or renal dysfunction [Lo et al. 1980] .
Class III agents are potent IKr blockers and prolong QT interval in a dose-dependent manner.
The potassium blocking effect is maximum at low heart rate due to reverse use dependency feature [Hondeghem and Snyders, 1990] . Dofetilide, ibutilide and sotalol carry the highest risk for TdP whereas amiodarone has the lowest risk. Sotalol causes TdP in 2-4% of patients with a higher risk in women [Lehmann et al. 1996 ]. Dofetilide's incidence of TdP is 2.1% with increased risk in renal failure patients [Torp-Pedersen et al. 1999 ]. Intravenous ibutilide carries TdP risk of 1-3% [Stambler et al. 1996] with higher incidence in patients with structural heart disease, heart failure and electrolyte disturbance. Amiodarone rarely causes TdP despite its QT prolonging effect. It can be explained by some of its unique features such as lack of reverse use dependency, decreased QT dispersion across ventricular myocardium, L-type calcium blocking effects and B blocking effect.
Antihistamines
Nonsedating antihistamines are widely prescribed but only a few drugs were implicated with significant arrhythmogenicity. Terfenadine and astemizole have been associated with TdP due their potent IKr blocking effect even at lower doses. Both have been withdrawn from market. Most antihistamines are metabolized by the cytochrome P450 enzyme, CYP3A4. Patients with liver dysfunction or co-administration of drugs or food that inhibit the CYP3A4 can result in higher drug levels. The incidence of pro-arrhythmia with the newer nonsedating antihistamines is unknown but they seem to be safer than previous versions.
Antipsychotic medications
Antipsychotic medications prolong QT interval in a dose-dependent manner, and are well known to cause TdP.
Haloperidol (a butyrophenone) is widely used to treat schizophrenia and severe agitations. It is a potent blocker of IKr channel and prolongs QT interval by 15-30 ms [Glassman and Bigger, 2001] . The effect is amplified in the presence of risk factors (Box 1). In 2007, the United States Food and Drug Administration (FDA) released an alert suggesting ECG monitoring with its intravenous use. However, based on the available data, it is felt to be safe to give IV haloperidol up to a cumulative dose of 2 mg in patients who do not have risk factors without ECG monitoring [Meyer-Massetti et al. 2010] . Droperidol has a similar effect of haloperidol and careful attention to be paid in patients with risk factors.
Phenothiazines such as chlorpromazine have an antipsychotic and anti-emetic effect. Both chlorpromazine and thioridazine have been implicated with QT prolongation and TdP due to their K blocking effect.
Atypical antipsychotics
Most of the atypical antipsychotics can cause dose-dependent prolongation of the QT interval with variation in their potency. QT prolongation is highest with ziprasidone and lowest with olanzapine [Vieweg, 2003] . Sertindole was withdrawn from market in 1998 due to the risk of TdP and sudden death. Zimelidine and citalopram have been related to TdP in toxic doses [Liljeqvist and Edvardsson, 1989; Personne et al. 1997 ].
Antidepressants
Tricyclic antidepressants (TCAs) are more commonly associated with prolongation of the QTc interval than are selective serotonin-reuptake inhibitors (SSRIs) [Ray et al. 2004] . TCAs prolong the QTc predominantly by blocking the Na channel. The effect is more pronounced if a potassium channel blocking agent is co-administered. Amitriptyline, desipramine and imipramine have all been implicated with TdP [Casazza et al. 1986 ]. Toxic doses of TCA can result in various EKG changes such as widening of QRS complexes, QT prolongation and TdP. SSRIs prolong the QT interval by inhibiting the IKr channel. Citalopram and escitalopram are also associated with QT prolongation.
Antibiotics
Fluoroquinolones have a variable effect on QTc interval with very rare incidence of TdP. Grepafloxacin and sparfloxacin delay repolarization more profoundly than gatifloxacin, levofloxacin, and moxifloxacin, with ciprofloxacin and ofloxacin causing the least effect on the IKr channel [Anderson et al. 2001] . Both grepafloxacin and sparfloxacin were discontinued in the preliminary drug development. The rest of the fluoroquinolones are relatively safe but caution should be applied if there are any underlying risk factors or with co-administration of QT-prolonging drugs [Anderson et al. 2001 ].
Macrolides such as clarithromycin and erythromycin have been associated with QT prolongation and TdP [Lee et al. 1998; Ray et al. 2004] . In animal studies, erythromycin was found to have similar effects to class III antiarrhythmic agents with prolongation of QT interval, induction of EAD and transmural dispersion. Both erythromycin and clarithromycin are CYP3A4 inhibitors and can lead to significant toxicity if co-administered with another CYP3A4 inhibitor or with drugs that are metabolized by CYP3A4. Although azithromycin is considered safe, TdP has been reported with its use as well [Huang et al. 2007 ].
Antimalarial agents are commonly prescribed worldwide. The true incidence of QT prolongation and TdP with their use is largely unknown due to underreporting. Quinine, an optical isomer of quinidine, has a weak effect on QT interval and has been rarely associated with TdP [Martin et al. 1997 ].
Chloroquine and halofantrine can prolong the QT interval and have been linked to TdP. Halofantrine is the most potent agent with repolarization properties similar to quinidine and Class III antiarrhythmic agents [Wesche et al. 2000 ].
Pentamidine is an antiprotozoal drug that is used for Pneumocystis carinii pneumonia treatment. The electrophysiologic properties of pentamidine are unknown but it has a structural similarity to procainamide. Intravenous use can lead to TdP whereas the inhaled form is considered safe [Eisenhauer et al. 1994; Cardoso et al. 1997 ]. The proarrhythmic risk of IV use is related to idiosyncratic reaction rather than dose effect [Eisenhauer et al. 1994 ].
Systemic azole group of antifungal agents have both pharmacodynamic and pharmacokinetic characteristics that may trigger TdP [Owens, 2004] . Attention should be paid with its use especially in patients who have underlying risk factors for QT prolongation.
Other agents
Cisapride is a gastrointestinal promotility agent used for gastroesophageal reflux disease (GERD) and delayed gastric emptying time. It is structurally similar to procainamide and has both IKr and IKs blocking effect (IKr>IKs) [Carlsson et al. 1997 ]. Cisapride use was related to the greatest number of TdP cases next to antiarrhythmic agents [Wysowski et al. 2001] resulting in its withdrawal from US market in July 2000.
The screening method for long QT in preclinical drug development
In view of the high risk for QT prolongation and TdP with various drugs, it has now become a common practice for the pharmaceutical companies and biotechnology companies to screen compounds for hERG channel activity early during preclinical safety assessment.
A centerpiece of this practice was the establishment of the 'thorough QT/QTc study' that was intended to confidently identify drugs that may cause QT prolongation. This study has evolved as a key component of all clinical development programs for new molecular entities. It is a doubleblinded, randomized design with a placebo and positive control arm that is strictly powered to exclude an effect on the QTc interval exceeding 10 ms. It is conducted in healthy volunteers once the tolerability and the pharmacokinetics of the drug have been established. During the studies, RR interval, heart rate, QT interval corrected using both Bazetts's (QTcB = QT/RR0.5) and Fridericia's correction (QTcF = QT/RR0.33) are collected. ECG interval measurement methods are either 'fully manual' or use some degree of 'manual adjudication' (measurements made by a computer-based algorithm are reviewed and corrected as needed) [FDA, 2005] .
The role of the positive control is to demonstrate the study's ability (i.e. 'assay sensitivity') to detect a small effect on the QT interval; in this case QT prolongation slightly over 5 ms. If the study is able to detect such a small QT prolongation by the control, then a finding of a lesser QT effect for the test drug should indicate that the test drug does not significantly prolong the QT interval. In the vast majority of TQT studies, moxifloxacin, a fluoroquinoline antibiotic with a mild QT prolonging effect has been used. Moxifloxacin 400 mg was associated with an observed 7.5-12.5 ms increase in the mean placebo-and baseline-corrected QTc interval that supports the appropriateness of its use as a positive control in TQT studies [Bloomfield et al. 2008] .
A QT study usually results in three clinical scenarios: the studied drug prolongs the mean QTc interval by ≤10 ms and therefore does not appear to cause TdP (or the increased risk is too small to be detected). The studied drug prolongs the mean QTc interval by >10 ms but ≤20 ms, and so has an 'uncertain' risk of inducing TdP. The studied drug prolongs the mean QT/QTc interval by >20 ms, and may have a high risk for causing clinically important arrhythmic events. A 'negative' result would most likely allow standard ECG data to be collected in accordance with standard practice in phase II-III of clinical drug testing. A 'nonnegative' result (QTc interval >10 ms) requires comprehensive dose-response data to be obtained through the expansion of ECG data collection in phase II and III trials.
In order to fully evaluate the risk of QT prolongation, it is important to include patients in these analyses with additional risk factors for TdP such as patients with electrolyte abnormalities (e.g. hypokalemia), congestive heart failure, impaired drug metabolizing capacity or clearance (e.g. renal or hepatic impairment, drug interactions), female patients and patients aged <16 and over 65 years.
Recent studies have indicated that fully or partially automated methods of QT interval measurements using computer algorithms, compared with the labor-intensive manual methods, produce similar results when tested on drugs with a known QT-prolonging effect [Fosser et al. 2009; Sarapa et al. 2009 ]. It is expected that use of automated QT algorithms in the evaluation of new medications will not only to replace manual QT measurements but also will improve the detection of subtle T-wave changes [Darpo, 2010] .
The treatment of TdP
The treatment depends on the hemodynamic stability of the patient. For patients with TdP that does not terminate spontaneously or that degenerates into ventricular fibrillation, immediate direct-current cardioversion should be performed. Those who are stable can be treated in the following ways:
1. Intravenous magnesium is the first line of choice even in patients with normal magnesium levels. It is effective acutely and also prevents future occurrence of ectopic beats and TdP. It works by decreasing the influx of calcium current and thereby lowering the amplitude of EAD which ultimately prevents ectopic beats. The dose is 2 g over 1-2 min followed by an infusion of 2-4 mg/min. Repeat bolus of 2 g should be given for recurrence [Banai and Tzivoni, 1993] . 2. Intravenous potassium should be considered even in normokalemic patients (0.5 meq/kg to a mean of 40 meq) as it has shown to suppress QT abnormalities in the acute phase [Choy et al. 1997 ]. 3. When a patient does not respond to IV magnesium, overdrive transvenous pacing should be considered with a target heart rate of between 90 and 110 beats/min. This shortens the QT interval, and decreases EAD and QT dispersion [Khan, 2002] . 4. Isoproterenol can be used as a bridge to temporary pacemaker or if a pacemaker is not available to increase heart rate. However, it is contraindicated in patients with congenital LQTS. 5. The patient's medication list should be reviewed in detail with regards to potential culprit drugs. The website www.qtdrugs.org provides an excellent up-to-date reference on QT-prolonging drugs. 6. Permanent pacemakers should be inserted in patients who have chronic bradycardia such as sick sinus syndrome or AV block. Implantable cardioverter-defibrillators (ICDs) are indicated in cases that cannot be managed by avoidance of the offending agent.
Prevention and monitoring of druginduced QT prolongation
QT-prolonging drugs should be avoided in patients with pre-existing heart disease, history of ventricular arrhythmias or with metabolic abnormalities such as hypokalemia. Hospitalized patients come under high risk for developing TdP than outpatients with the same QT prolonging drugs. Hospitalized patients are often elderly people with underlying heart disease who may also have renal or hepatic dysfunction, electrolyte abnormalities, or bradycardia and to whom drugs may be administered rapidly via the intravenous route [Drew et al. 2010] . Concomitant administration of drugs that inhibit the cytochrome P450 especially imidazole antifungals, macrolide antibiotics or those that can prolong the QT interval or drugs that cause electrolyte disturbance should be avoided. It is recommended to perform surveillance EKGs before and after initiation of QT-prolonging drugs. Routine monitoring of electrolytes especially potassium is also recommended in those who are on diuretics and QT-prolonging drugs.
For example, methadone has been associated with TdP in women if the dose is >100 mg/day [Stringer et al. 2009 ]. Nearly, one million Americans take methadone either for chronic pain or narcotic dependency [Krantz et al. 2009 ]. Methadone guidelines recommend a pretreatment ECG for QTc interval screening and a follow-up ECG within 30 days and then annually [Krantz et al. 2009 ].
EKG monitoring of the QT interval in the hospital setting is indicated for the following reasons:
(1) initiation of a drug known to cause TdP; (2) overdose from potentially proarrhythmic agents;
(3) new-onset bradyarrhythmias; and (4) severe hypokalemia or hypomagnesemia [Drew et al. 2004 ].
If drug-induced TdP has occurred, a careful review of the patient's personal and family history should be obtained in order to identify the possibility of a congenital LQTS. If a personal/family history of unexplained syncope or premature sudden death is discovered, a 12-lead ECG should be recommended for all first-degree relatives and consideration should be given to clinically available genetic testing for congenital LQTS.
Conclusion
Drug-induced QT prolongation and TdP are more prevalent than previously thought. Accurate calculation of baseline QT interval, careful review of a patient's medication list, and obtaining a thorough family history are paramount to avoiding iatrogenic QT prolongation. When TdP occurs it is imperative to identify the potential offending agent, discontinue it, and to take steps to treat the life-threatening rhythm disturbances.
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